Activation of T lymphocytes by antigen-presenting cells (APC) results in the formation of an immunological synapse. Following contact with the target cell, key signaling and adhesion molecules polarize within minutes to hours to the T cell-APC interface. Multispectral imaging flow cytometry, a new technology which combines flow cytometry with imaging, was used to visualize and quantify the recruitment of the CD3ε and Lck signaling molecules during the evolution of an immune synapse. Using this technology, thousands of T cell/macrophage conjugates could be analyzed for each experimental time point. Following Ca ++ triggered T cell activation, the dynamics of Lck and CD3ε recruitment to the synapse, analyzed by two independent methods, were comparable. However, CD3ε exhibited longer residence times (N 8 min) at the synapse than Lck.
Introduction
The immunological synapse (IS) is a specialized junction between a T cell and an antigen-presenting cell (APC) that forms within seconds of engagement between the T cell receptor (TCR) and cognate peptide-MHC complexes on the APC. This cell-surface recognition event initiates an organized intracellular signaling cascade that results in T cell activation and proliferation (Kane et al., 2000) . The generation of this supramolecular organization, recruitment and assembly of adhesion molecules, scaffolding proteins and receptors on both sides of the IS in concentrically organized spatial structures has been previously defined by confocal fluorescence microscopy (Monks et al., 1998; Grakoui et al., 1999; Potter et al., 2001; Stinchcombe et al., 2001 Stinchcombe et al., , 2006 Somersalo et al., 2004; Anikeeva et al., 2005; Sims et al., 2007; Beal et al., 2008; Seed and Xavier, 2008; Yeh et al., 2008; Dustin, 2009 ). The IS organizes in a bull's eye pattern with an outer ring containing actin (the distal supramolecular activation cluster, dSMAC), a proximal adhesive ring containing LFA-1 (pSMAC) and a central signaling cluster (cSMAC), which contains the TCR and its associated adaptor and transduction molecules. In cytotoxic cells, the cSMAC is divided into a signaling domain and a secretory domain for release of cytotoxic granule components and cytokines (Stinchcombe et al., 2001 (Stinchcombe et al., , 2006 . Alterations in the status of any of the stimulatory, costimulatory or inhibitory, or adhesive molecules on the T cell or of their ligands on the antigen-presenting cell or target cell at the other side of the immune interface can alter the kinetics and organization of the IS with profound downstream consequences on T cell activation and effector function.
Limitations to current imaging techniques using confocal microscopy include sample photo-bleaching, difficulty in objectively finding rare events, and limited statistics with sampling pools ranging from 30 to 50 conjugates. Imaging of the synapse formed by the T cell has been optimized by examining horizontally oriented synapses between immune cells and artificial substrates that mimic target cells, such as antibody-coated glass slides (Bunnell et al., 2002) or supported planar lipid bilayers with anchored ligand proteins (Groves and Dustin, 2003; Mossman et al., 2005) . Such simplified systems coupled with total internal reflection fluorescence (TIRF) microscopy have made important contributions to elucidating early signaling events, such as the evolution of TCR microclusters at the peripheral site of cell contact (Yokosuka et al., 2005 ) and the precise time course for the recruitment and rearrangement of membrane-associated molecules at the evolving IS (Grakoui et al., 1999) . However, such artificial substrates may not recapitulate all of the complexities in interacting cells and could overlook diffusion limited movement of some molecules. Moreover, confocal microscopy only allows imaging of small numbers of events, whose selection may be influenced by observer bias. To address these problems, we developed a complementary method to use high-speed multispectral imaging flow cytometry to study the IS using the recruitment of the key signaling molecule Lck as a model. Imaging flow cytometry has previously been used to track the nuclear translocation of NF-κB in antibody activated T cells (Medeiros et al., 2007) and more recently it has been used to image SKAP 55 protein at the interface of T cell/antibody-coated beads (Burbach et al., 2008) . We developed two independent methodologies to map the translocation of two key T cell signaling molecules, Lck and CD3, to the interface of an immune synapse formed between a T cell/macrophage conjugate. This technique enables automated collection and quantitative image analysis of thousands of conjugates per sample, thereby providing a statistically robust analysis of the IS.
Materials and methods

Cell culture
CD8
+ T cells were isolated by Ficoll separation from peripheral blood from healthy human donors. Cytotoxic T cells (CTL) were generated by stimulation with phytohemagglutinin (PHA, 4 µg/ml) and 1000 U/ml of human recombinant IL-2 (SpecialtyScripts Pharmacy LLC, Fall River, MA, USA) in RPMI medium containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 2 mM HEPES, 100 µg/ml streptomycin and 100 U/ml penicillin (Sigma-Aldrich Corp., St. Louis, MO, USA). Autologous macrophages were cultured on Primaria plates (BD Falcon, San Jose, CA, USA) for use as target cells.
Preparation of T cell/macrophage conjugates
Autologous macrophages, washed once in RPMI to remove serum, twice with calcium free HBSS buffer, and resuspended at a final concentration of 1-5 × 10 6 cells/ml, were converted to target cells by incubation with 5 µg/ml of anti-CD3 (UCHT1; eBiosciences, San Diego, CA, USA) for 5 min on ice before mixing at a 5:1 CTL:macrophage cell ratio with similarly washed PHA-activated CTL blasts isolated on day 5-16 of culture. This protocol is a modification of a previously described method (Stinchcombe et al., 2006) , which was optimized as to the antibody concentration and effector: target cell ratio for maximal chromium release in a redirected cytotoxicity assay (Saverino et al., 1999; Gati et al., 2001; Wulfing et al., 2003; Crocenzi et al., 2005) . For most experiments, 5-10 × 10 6 antibody-coated macrophage targets were incubated with five times as many CTL in 0.4 ml for 10-15 min at 37°C in calcium free medium to allow for conjugate formation without T cell activation. For the kinetics experiments,~1 × 10 6 macrophage targets/sample/time point were used. Calcium chloride was added to a final concentration of 6 mM at time 0. At indicated times following activation, cells were fixed by incubation in 4 volumes of 2% paraformaldehyde at 4°C for 20 min followed by neutralization with equal volumes of 100 mM ammonium chloride for 20 min at RT. Fixed cells were centrifuged (500 g for 10 min) and resuspended in staining buffer (10% human AB serum, 0.1% Triton X-100 in PBS) for 10 min on ice. Cells were stained with Lck rabbit antibody (Cell Signaling, Danvers, MA, USA) for 30 min on ice, washed twice (10% BSA, 2% FCS in PBS) and then stained with Alexa 546-conjugated antisera to rabbit IgG and with PE Alexa 610-conjugated anti-CD3ε (BD Biosciences, San Jose, CA, USA). Fluorescently labeled samples were washed twice in wash buffer and resuspended in 100 µl volumes of 1% paraformaldehyde in PBS. The conjugates were labeled with the nuclear dye DRAQ5 (Biostatus Limited, Shepshed, Leicestershire, UK) before analysis on the AMNIS ImageStream imaging flow cytometer (AMNIS Inc., Seattle, WA, USA).
Quantitation of Lck and CD3 at the immunological synapse
Approximately 20-100,000 event image files were acquired for each condition. Events that corresponded to conjugates of a single T cell with one macrophage were selected as described in the Results section and constituted~10% of all events. Background conjugate formation between T cells and macrophages that were not preincubated with antibody was rare. Single color controls were collected and used to calculate a spectral crosstalk compensation matrix to compensate the imagery. The algorithms in the IDEAS image analysis software (Amnis Inc., Seattle, WA, USA) create two types of functions: mask and feature. Mask refers to the set of pixels that comprise the region of interest and feature refers to calculated values using pixel intensities of the image and can be constrained to a mask. The feature Area calculates the square microns of a given mask. Aspect ratio is the ratio of the minor axis and major axis of a best-fit ellipse that encapsulates the given mask. Intensity is the sum of pixel intensities (camerabackground-subtracted) in an image. These features are used in this study to identify two-cell conjugates that contain only one T cell as described in the Results section.
To measure accumulation of Lck at the IS, two methods of masking strategies, Valley and Interface, were used to identify the IS region. The Valley mask identifies the central region of low intensity within an image. When applied to the DNA image of a conjugate, the Valley region approximates the location of the IS. It does this by locating the pixel of the dimmest intensity along a line that joins the center of the two nuclei. From this point, a rectangular mask is formed that defines the location of the synapse. The width of the Valley mask at 90°to the longest length of the conjugate is determined by the width of the DNA image and the thickness is derived empirically from representative single T cell conjugates and adjusted to cover an average synapse observed in the experiment. Because synapse width rarely if ever exceeds the width of the nucleus, using the DNA image as a reference point for the width of the synapse is a convenient method to automate the masking method for large numbers of events, even when cell size may vary within a population. The Interface mask, on the other hand, locates the points of contact between two cells and conforms to the shape of the synapse specifically within one cell of the conjugate. It achieves this using two input masks, the 'Cell of Interest' (COI) mask which specifically identifies the cell within which the synapse is expected (in this case defined by CD3), and the 'Conjugate' mask, which identifies the entire conjugate (in this case brightfield). Using these two inputs, the outermost pixels of the CD3 synapse are determined. The thickness of the mask is adjustable and grows specifically into the CD3 image. Accumulation of Lck at the immune synapse was then quantified with the features 'Lck Intensity at IS' which quantifies the intensity of Lck within the Interface or Valley masks, and 'Lck median pixel ratio', which is the median pixel of Lck within the Interface mask divided by the median pixel value of Lck within the entire CD3 cell. The median pixel ratio normalizes for cell-to-cell variation in overall Lck intensity. A sub-population of events with high Lck Intensity and/or ratio values are gated in Fig. 4 , and the percentage of events that fall in the gate are reported. To define a synaptic event, an arbitrary gate that captured the synapse over many conjugates was chosen and then fixed for the time course of each experiment. As Lck accumulates at the IS, both the intensity and median pixel ratio increases.
Results
Selection of single T cells participating in a two-cell conjugate
The earliest biochemical event during T cell activation is phosphorylation of the immunoreceptor tyrosine-based activation motif (ITAM) sequences in TCR-associated CD3 components by the Src family tyrosine kinase Lck (Iwashima et al., 1994; Holdorf et al., 2002) . Both Lck and CD3 are rapidly recruited to the IS upon TCR ligation. Here we use both Lck and CD3ε as molecular markers of synapses established between single T cell/APC conjugates. Activated primary human T cells were brought into contact with anti-CD3-coated macrophage targets in the absence of Ca ++ (required for T cell signaling and intracellular trafficking) and then pulsed with Ca ++ to initiate translocation of proteins and secretory vesicles to the interface of an evolving synapse.
Conjugates were fixed at subsequent times and stained with both a nuclear dye (DRAQ5) and T cell specific markers -Lck and CD3. Approximately 50,000 to 100,000 events (corresponding to~3000 to 10,000 2-cell conjugates) were collected at each time, compensated across 3 fluorescent channels, and analyzed using image-based algorithms. Twocell conjugates were selected from single cells by virtue of their low nuclear aspect ratio (AR) and two-cell DNA content (Fig. 1) . Events with one T cell engaged with an APC were gated using the area and aspect ratio of the CD3 image (Fig. 2) . Conjugates that have low CD3 area and high CD3 aspect ratio contain only one T cell. Because the AMNIS Imagestream instrument utilizes a low-pressure fluidic system and samples flow at a low rate of 22 mm/s, the conjugates appeared stable in the flow stream, presumably because they were fixed prior to acquisition. An indicator of conjugate stability is that only 1.1 ± 0.3% of the acquired single T cells showed polarized CD3 staining, indicating that few T cells had detached after forming conjugates.
Defining the area of the immunological synapse in T cell/ APC conjugates
The area of the immunological synapse was then identified in the two-cell conjugates using two independent algorithmic functions (Fig. 3A) . The Valley function identifies the dimmest area between two nuclei and the Interface function identifies the point of contact between two cells and selects only the (CD3 + ) T cell portion of the T cell/APC synapse. The advantage of the Valley function is that it can be used to study the translocation of proteins derived from both the effector and target cell to the IS, while the Interface function selectively locates proteins derived from one of the two immune cells.
Kinetics of Lck and CD3 translocations to the immunological synapse
At time zero before adding calcium, about 5-8% of T cells formed single cell conjugates. This increased to 7-8% after adding calcium. The proportion of conjugates in the samples remained stable across the specified time points, only varying by 11-14% in any experiment. We determined the timedependent increase in the formation of conjugates with mature synapses by measuring either (i) Lck intensity in the Valley region or (ii) the ratio of Lck median pixel intensity of the T cell Interface region to Lck median pixel intensity of the entire T cell (Fig. 4) . Both analytical approaches revealed similar trends and showed that the efficiency of conjugate formation and Lck trafficking to the IS are Ca ++ -dependent (Fig. 3B) . At early times and before adding calcium both CD3 and Lck were capped in the area opposite to the IS. Fewer than 10% of the conjugates showed Lck concentrated in the IS. One minute after calcium trigger approximately 50% of the IS had matured with both Lck and CD3 accumulating at the IS (Fig. 3C) . Therefore Lck and CD3 colocalized at the IS. However, they had distinct dynamics after the first minute: recruitment of CD3 persisted and was stable for as long as data were collected (8 min), while Lck recruitment peaked at 1 min, but after that Lck remained at the IS only in a minority of cell conjugates, suggesting that there were subpopulations of T cells with distinct activation programs. This spatial and temporal pattern of Lck and CD3 movement are consistent with previous reports in human T cell lines (Ehrlich et al., 2002; Serrador et al., 2004) .
Discussion
We describe a novel and statistically powerful method to delineate highly organized translocation dynamics of two or more individual proteins to the immune interface in response to a rapid TCR triggered event. Existing methods are often statistically challenged by smaller sample size for a specified level of power (Maxwell et al., 2008) . Here we objectively collect a large sample size, and use a quantitative score to enumerate IS formation in the conjugates, thus enabling robust statistical analysis of a kinetic response. Quantitative imaging flow cytometry has been used to identify the IS of T cells formed with antigen-coated beads (Burbach et al., 2008) , but has not previously been used to monitor the IS formed between cells.
Compared to previous microscopic methods of imaging the IS, this method has the value of statistically analyzing large numbers of events, chosen without bias. It also may be more physiologically relevant to capture the interaction of a T cell with an APC or target cell than to dissect the interaction of the T cell with a lipid bilayer or coated bead. In the future this technique could be used to correlate the quality of the IS with molecular or morphological events elsewhere in the cell, such as downstream signaling events (i.e., nuclear translocation of NFAT) or induction of apoptosis. However, the resolution here, which roughly corresponds to that of a 40× microscope, is much inferior to what can be achieved with state of the art microscopy. Moreover, live cell imaging avoids potential fixation artifacts, which we must keep in mind with this method. Each of these methods has complementary strengths for studying the IS. With a mathematically defined contact site (IS) between 2 immune cells, it would be of further interest to determine whether imaging flow cytometry could further resolve the spatial distribution of IS proteins into mature synapse morphologies. The most common arrangement is the bull's eye pattern with a central supramolecular activation cluster (cSMAC), surrounded by the peripheral SMAC (pSMAC) and the distal actin ring (dSMAC) (Cemerski and Shaw, 2006; Saito and Yokosuka, 2006; Dustin, 2009 ). However, multifocal synapses, which show a single pSMAC enclosing multiple cSMACs, have also been observed between T cells and dendritic cells (Brossard et al., 2005) . The cSMAC formed by CTLs has been reported to be bipartite, segregating a TCR signaling domain from a secretory domain for releasing effector molecules (Stinchcombe et al., 2001; Bossi and Griffiths, 2005; Makedonas et al., 2009) . In some cases, the pSMAC may not completely close to form a tight-sealing ring to prevent leakage of cytotoxic molecules of cytokines out of the IS (Beal et al., 2008) . In this study we only looked at two closely associated IS cSMAC components, CD3 and Lck. Future studies could co-stain for molecules that segregate into different compartments of the IS to determine whether the resolution of imaging cytometry could differentiate distinct cross-sectional distributions of molecules that concentrate at the cSMAC, pSMAC and dSMAC. Images from thousands of IS could be pooled, which could in principle overcome the lower resolution of individual images. As a first step it would be worth exploring whether the instrument could distinguish the IS distribution of molecules that are known to concentrate at the cSMAC (such as CD3) from molecules that congregate at the pSMAC (such as LFA-1).
This method could be used in the future to couple functional consequences, such as the translocation of transcription factors regulating T cell function (George et al., 2006 (George et al., , 2009 , or polarized vesicular trafficking for targeted cytokine secretion at the IS (Maldonado et al., 2004; Huse et al., 2006) to the quality of the IS formed in individual activated cells. The same methodology could also be used to evaluate the recruitment and colocalization of molecules to other specialized functional areas within a single cell or in the interactions between antigen-specific cells and infected or transformed target cells or between a cell and a pathogen to focus on infectious synapses. The advantages of flow cytometry might make it possible to capture rare subpopulations of effector cells, such as tetramer-stained antigen-specific effector cells, interacting with their physiological primary target cells.
